Crystal and magnetic structures of a series of novel quantum spin trimer system Ca 3 Cu 3−x Ni x (PO 4 ) 4 (x=0,1,2) were studied by neutron powder diffraction at the temperatures 1.5-290 K. The composition with one Ni per trimer (x=1) has a monoclinic structure (space group P 2 1 /a, no. 14) with the unit cell parameters a = 17.71Å, b = 4.89Å, c = 8.85Å and β = 123.84 • at T=290 K. The (x=2) composition crystallizes in the C2/c space group (no. 15) with the doubled unit cell along c-axis. Each trimer is formed by two crystallographic positions: one in the middle and the second one at the ends of the trimer. We have found that the middle position is occupied by the Cu 2+ , whereas the end positions are equally populated with the Cu 2+ and Ni 2+ for (x=1) while in the (x=2) the trimers were found to be of only one type Ni-Cu-Ni. Below T N = 20 K the (x=2) compound shows an antiferromagnetic ordering with propagation vector star {[
I. INTRODUCTION
The low-dimensional magnets have been attracting attention during last years since they show new interesting quantum effects and also because they are considered as a model system to study very complex phenomena, like high-temperature superconductivity in metal oxides.
A 3 Cu 3 (PO 4 ) 4 (A=Ca, Sr, Pb) is a novel quantum spin trimer system [1] in which the three Cu 2+ (S =
) spins are antiferromagnetically coupled giving rise to a doublet ground state, as determined by neutron spectroscopy [2] . The trimer clusters form (1D) chains with weak but not negligible intertrimer interaction [3, 4] leading to a long-range magnetic ordering at T C = 0.91 K, T N = 0.91 K and T N = 1.26 K for A = Ca, Sr and Pb, respectively.
By substituting a Cu 2+ spin in the trimer by Ni 2+ (S = 1) a singlet ground state could be in principle realized offering the observation of the Bose-Einstein condensation (BEC) in a quantum spin trimer system similar to the field-induced BEC of the bosonic triplet state in the spin dimer system TlCuCl 3 observed by the inelastic neutron scattering [5] .
The substitution of Cu by Ni was successfully realized in the Ca 3 Cu 3−x Ni x (PO 4 ) 4 (x=1, 2) resulting in the new mixed trimer phase with the structure parameters close to the ones of the pristine material (x=0). The magnetic excitations in this series were studied by the inelastic neutron scattering [6] making use of the structure data reported in the present paper. The observed excitations were associated with transitions between the low-lying electronic states of trimers. The nearest-neighbor exchange interactions within the trimers in the (x=1,2)
compounds were determined to be also antiferromagnetic with J Cu−Cu = −4.92(6) meV and J Cu−Ni = −0.85(10) meV and an axial single-ion anisotropy parameter D Ni = −0.7(1) meV.
The ground state was found to be doublet, triplet and quintet in the Cu-Cu-Cu, Cu-Cu-Ni, and Ni-Cu-Ni trimers, respectively that are the basic constituents of the title compounds.
The hypothesis of realizing the singlet ground state that motivated the present work was not met, but without the detailed structural information the analysis of the magnetic excitations could not be performed. In this paper we present the results of the neutron and synchrotron
x-ray powder diffraction study of the crystal and magnetic structures of Ca 3 Cu 3−x Ni x (PO 4 ) 4 (x=0,1,2).
II. SAMPLES. EXPERIMENTAL
Polycrystalline samples of Ca 3 Cu 3−x Ni x (PO 4 ) 4 (x=0,1,2) were synthesized by a solid state reaction using CuO, NiO, CaCO 3 and NH 4 H 2 PO 4 of a minimum purity of 99.99%. The respective amounts of the starting reagents were mixed and heated in alumina crucibles very slowly up to 600
• C and then annealed at 900 • C during at least 100 h, with several intermediate grindings. The ac magnetic susceptibility χ(T ) = χ (T )+iχ (T ) was measured in zero external field with amplitude of the ac field 10 Oe and frequency 1 kHz using Quantum Design PPMS station. Neutron powder diffraction experiments were carried out at the SINQ spallation source of Paul Scherrer Institute (Switzerland) using the high-resolution diffractometer for thermal neutrons HRPT [7] (λ = 1.866Å, high intensity mode ∆d/d ≥ 1.8 · 10 −3 ), and the DMC diffractometer [8] situated at a supermirror coated guide for cold neutrons at SINQ (λ = 4.2Å). All the temperature scans were carried out on heating. xray synchrotron diffraction measurements at room temperature were done at the Material Sciences beam line (MS, SLS/PSI). The refinements of the crystal and magnetic structure parameters were carried out with FULLPROF [9] program, with the use of its internal tables for scattering lengths and magnetic form factors.
III. CRYSTAL STRUCTURE
Both (x=0) and (x=1) compounds have the same space group P 2 1 /a with the structure parameters shown in Table I . The diffraction pattern and the refinement plot for the (x=1) sample is shown in Fig. 1 . There is a small admixture of two impurity phases: whitlockite Ca 19 Cu 2 (PO 4 ) 14 and nickel oxide NiO that are indicated by the additional rows of tics. The structure parameters of the whitelockite phase were fixed by the values reported in Ref. [10] .
The NiO phase has two rows of tics due to additional antiferromagnetic phase. The mass fractions of the whitlockite and NiO are 2.2(2)%, 0%, and 3.3(1)%, 0.20(2)% in the (x=0) and (x=1) compositions, respectively. An important block of structure is the Cu2-Cu1-Cu2 trimer that is shown in Fig. 2 together with the surrounding PO 4 tetrahedra. The crystal structure consists of PO 4 tetrahedra connecting the Cu trimers in chains running along aaxis as shown in Fig. 3 . Figure 4 shows the view of the trimer connectivity projected roughly to the (ab)-plane. Fig. 4 . The intertimer interaction along c-axis (Fig. 3) is the weakest one since the path contains an additional Ca-O link and the ions are separated by large distance
The Ni-atom in the (x=1) sample occupies the Cu2 positions at the ends of the trimers, whereas the middle position Cu1 is occupied by Cu. The end positions are equally populated by both Cu and Ni ions. The occupancy factors can be reliably refined due to significantly different coherent scattering lengths of Ni (10.3 fm) and Cu (7.7 fm) nuclei. The fit model assumed that we have two Cu atoms and one Ni atom per formula unit allowing them to occupy both Cu1 and Cu2 sites. The refined occupancies are listed in Table I .
The composition with two Ni atoms (x=2) crystallizes in a different space group C2/c with a doubled unit cell along c-axis. The transformation from the P 1 2 1 /a 1 to the C 1 2/c 1 structure is given by the matrix A = a, B = b, C = 2c and the origin shift p = a/2. The structure solution was done with the FOX program [11] using the synchrotron x-ray diffraction pattern collected at the wavelength λ = 0.9185Å. Final refinement of the neutron diffraction data resulted in the structure parameters listed in Table I . The experimental and the refined diffraction patterns are shown in Fig. 5 . In spite of the doubled unit cell the density of the Bragg peaks is the same as for the (x=0,1) compositions due to C-centered Bravias lattice. The mass fractions of the whitlockite and NiO impurities amounted to 6.4(2)% and 1.56(3)%, respectively. The crystal structure motif in the (x=2) is very similar to the one in the pristine compound and thus all the crystal structure parameters can be directly compared (see Table I ). The noticeable change in the trimer structure is the decrease in Cu1-O4-Cu2 bond angle. Similar to the (x=1) compound the Ni-atoms predominantly occupy the end positions, while the middle position is mainly occupied by Cu. Table II shows the average cation-oxygen bond lengths and the distortions of all the polyhedra and the bond valence sum BVS for all cations calculated from the experimental distances using FULLPROF [9] suite and the BVS parameters from Ref. [12] . The BVS for the oxygen atoms (not shown in the table) are very close to 2.
The magnetic susceptibility data are presented in Fig. 6 . The susceptibility of the composition with (x=1) that does not exhibit magnetic ordering down to 1. 
A. Symmetry analysis
Using the determined propagation vector we performed the symmetry analysis according to Izyumov and Naish [13] to derive possible magnetic configurations for both Ni (8f) and Cu (4b) magnetic sites of the space group C 1 2/c 1 (no. 15). For this purpose we used program BASIREP [9] to obtain corresponding basis functions ψ j0 (3m-dimensional vectors)
in the 0 th unit cell of all atoms of the site (j) with multiplicity m. The magnetic moments are obtained by the linear combination of the basis functions:
where S j0 is a m-dimensional column of spins on the position (j), C λ,k L are arbitrary mixing coefficients, k L enumerates the arms of the propagation vector star {k}, λ runs over the basis functions that appear in the decomposition of the magnetic representation. The magnetic moments of the atoms displaced by the translation t are obtained by the relation:
where t is a centering translation ( The decomposition of the axial vector representations for Cu and Ni sites reads: 3τ 2 and 3τ 1 3τ 2 , respectively. Only τ 2 appears in the decomposition for both magnetic sites and hence we conclude that the magnetic ordering goes according to the representation τ 2 . In the 0 th cell there are two Cu-atoms and four Ni-atoms (centering translation excluded). Both
Ni and Cu sites are split into two independent orbits as shown in Table III . The atoms on the second orbits are obtained from the first ones by applying a rotation 2 y around (0, y, 1 4 ). Table III shows the basis functions of τ 2 that will be used below. Actually, in our case the basis functions for both orbits and both arms of the star {k} can be chosen to be the same as the functions for the orbit 1 and the propagation vector k 1 . However we have also constructed a special case of the basis functions for the orbit 2 shown in Table III ) the inversion about Cu moves the Ni atom out of the 0 th cell to the neighboring cell shifted either along x or y-axis (shift along z-axis is not important). This translation reverses the Ni spin according to (2) leaving the Ni spins parallel in the trimers.
B. Magnetic structure determination
The spin components for both Cu and Ni atoms are unrestricted by symmetry giving in general 12 independent parameters: one Ni spin and one Cu spin for each orbit. However, we constrain the sizes of the spins of the atoms to be equal in both orbits, because the inner-atomic energies generating the atomic spin are much larger than the inter-atomic exchange interactions. The atom positions were fixed by the values determined from the HRPT diffraction pattern measured at 25 K with λ = 1.886Å. We performed a simulated annealing minimization [15] of the integrated intensities of the 46 magnetic Bragg peaks using FULLPROF program for this general model (A) using one arm of {k}. Finally the result of the simulated annealing search was refined using usual Rietveld refinement of the powder diffraction pattern. The best fit (model A) is shown in Fig. 7 . The fit quality is not really good if we compare the χ 2 = 4.5 with the one obtained in the powder matching fit χ 2 = 1.7
as shown in Fig. 7 . We have to conclude that there is no satisfactory solution in the model with one arm of the propagation vector star {k}. However, for completeness we present the fit results for this model in Table IV .
We have found a real solution considering both arms of the star {k}, which excellently fits to the experimental data (model B in Fig. 7 ). At first, we considered only orbit 1 with the propagation vector k 1 , i.e. only half of the atoms, and obtained an excellent fit. Then we have constricted the basis functions of the vector k 2 from the ones for the vector k 1 by the using the relation [formula (9.15) of Ref. [13] ]:
where g 2 is the symmetry element generating the arm k 2 , j and j are the initial atom number and the atom number after applying g 2 , a p (g 2 , j) is a translation returning the transformed by g 2 atom j to the 0 th -cell,R(h g 2 ) is the rotation matrix of the operator g 2 , δ g 2 is 1/-1 for the proper/improper rotation. The basis functions obtained this way are listed in Table III . Using these basis functions and considering only orbit 2 with the same mixing coefficients C λ,k 2 of formula (1) as for the orbit 1 we get identical Bragg peak intensities.
Thus, the set of the structure factors is essentially the same for both orbits provided that the basis functions are related by the transformation (3) and the propagation vectors by the matrixR(h g 2 ). We note, that it cannot be a general assertion valid for arbitrary space group since a crystallographic site can split into the k-star orbits containing different number of atoms. The transformation (3) moves the atoms from orbit 1 to orbit 2 and rotates the Cu spin by π around y axis, while for the Ni atoms it reflects the spin about (ac) plane.
In our case the equivalence of the structure factors for the orbit 1, k 1 and the orbit 2, k 2 with the basis functions listed in Table III , 0, 0] and k 2 = [0, 1 2 , 0] as shown in Fig. 8 . The origin of the space group can be shifted by 1 2 along c-axis. Since the structure factor is calculated only for the atoms on one orbit we shift orbit 2 by (0, 0, − by a π-rotation about B-axis, which is collinear to B * , the vectors M ⊥j are also related by a π-rotation about B-axis. Hence, the intensity I ∝| F | 2 will be the same for the Bragg peaks located at H 1 and H 2 for orbits 1 and 2, respectively, and the powder diffraction patterns generated by orbits 1 and 2 will be identical.
The two orbits do not interfere with each other because of different propagation vectors.
Hence using all the atoms we naturally get the same fit quality with √ 2 smaller mixing coefficients. The results of the fit are shown in Fig. 7 (marked as model B) . This model contains only 6 refinable parameters and gives the same fit quality as the powder matching refinement, implying that the fit cannot be better for the given propagation vector k. The imperfection of the fits near 2θ = 33.2
• and 54.7
• seen in both the powder match and the model B difference curves is apparently due to a "non-ideal" subtraction ("1.5 K-25 K") of the large nuclear peaks (002) and (110) at these angular positions. Another explanation could be the presence of weak ferromagnetism but it is beyond the accuracy of our experimental data.
In this model there is no mixing of the basis functions of k 1 and k 2 on the same orbit and thus it gives constant moment configurations for any direction of the spins. The assumption of having the same mixing coefficient for the atoms on the different orbits and belonging to the different arms is not dictated by symmetry, because the coefficients C λ,k L in formula (1) are independent quantities for k 1 and k 2 . However, in our particular case this assumption gives an excellent fit and good spin values as shown in Table IV (Model B).
The best fit magnetic configuration is shown in Fig. 9 . The figure shows 1/4 part of the magnetic unit cell. The whole magnetic cell contains 48 magnetic atoms. The mutual orientation of the spins in the trimers are different for the trimers on orbits 1 and 2. On the 1st orbit the Ni and Cu spins are close to antiparallel configuration, whereas on the 2nd orbit they are close to a ferromagnetic coupling. Intuitively one would expect to have the same spin orientation in all the trimers, because the intra-trimer interactions should be the strongest ones. To make the trimers identical one should constrain the Ni-spin to be parallel to c-axis and the Cu-spin to be in the plane perpendicular to the c-axis. For this configuration Cu and Ni spins are perpendicular for both trimers. However, this constrained model gives a very bad goodness of fit χ 2 = 8.67 and has to be rejected. Since the spins in the trimers are close to a parallel orientation we also tried to constrain them to be parallel (Model C in Table IV ). This constrained model gives only slightly worse χ 2 than the general case. The model contains only 4 adjustable parameters: two spin values and two angles that is not bad for describing the intensities of 46 magnetic Bragg peaks. The spins are aligned roughly along c-axis with very small canting as shown in Table IV . We note that the sublattices of the trimers corresponding to the different arms of the star {k} do not interfere with each other and the magnetic configuration, in which all the spins in the trimers on the same orbit are reversed will give the same Bragg peak intensities. Thus we can have two type of domains with the reversed mutual orientation trimer spins on orbit 1 and orbit 2.
From the above proof of the equivalence of the structure factors for the orbit 1 with k 1 and the orbit 2 with k 2 one can see that the model with the atoms from orbit 2 and with the propagation vector k 1 ("orbit2+k1") is not an allowed equivalent solution. We tried to find a solution by fitting the data to the "orbit2+k1" model, but the best solution has much worse χ 2 Bragg = 5.1 similar to the Model A. The reason is the difference of the phase factors for Ni in the structure factor F(H). For example, the phase factor for Ni-atoms in the structure factor for the ( (Table II) , and so in this respect Ni could occupy the middle position.
Apparently the total crystal energy is minimized for the Cu being in the middle position.
It is interesting to note that the distorted square pyramids Cu2O 5 and the distorted square planes Cu1O 4 become much less distorted when going from (x=0) to (x=2) compositions (Table II) . We note, that the decrease in the distortion of the polyhedron around Cu2-site in the x=2 compound where it is occupied solely by Ni-ions is in accordance with the fact that Ni 2+ (3d 8 ) is non-Jahn-Teller active ion.
The trimers in the (x=1) composition can be of three types Cu-Cu-Cu, Cu-Cu-Ni and
Ni-Cu-Ni with the statistical populations 25/50/25%, respectively. From the diffraction data alone we cannot determine these populations, but from the analysis of the magnetic excitations in the trimers [6] the real populations were determined to be 36/28/36%, implying that the non-symmetric Cu-Cu-Ni trimer is significantly less populated with respect to the "ideal" statistical value. The fact that Ni atom does not occupy the middle position has precluded from the realization of the Bose-Einstein condensation in this trimer system, however it might be worth trying to make the Ni-substitution in the similar compounds
The antiferromagnetic ordering, which we have found in the (x=2) sample occurs at much higher temperature (T N = 20 K) than in the parent (x=0) compound (T N = 0.9 K). The higher T N might be due to the increase in the dipole interaction strength: Ni-ion has two times larger spin value and the intertrimer distances between the Cu2-sites along a-axis and z-axis are decreased from 4.8Å to 4.5Å, and from 6.5Å to 6.4Å, respectively. In addition, the superexchange (SE) coupling is expected to be larger in (x=2) The antiferromagnetic structure can be well described only using both arms of the propagation vector star. It is quite unusual that the two-k case can be revealed from the unpolarized powder diffraction data analysis. However, the two-k solution excellently describes the data with minimal number of the refined parameters. For further verification of our magnetic structure model the single crystal diffraction experiments might be useful. According to our model the spin orientation in the Ni-Cu-Ni trimers can be both anti-and ferromagnetic. The chains of the trimers running along the a-axis are of two types, one consisting of the antiferromagnetic (AFM) trimers and another one with the ferromagnetic (FM) trimers. The Ni 2+ ordered magnetic moment 1.9 µ B is close to the saturated value, whereas the Cu 2+ moment 0.6 µ B is substantially smaller than the spin-only value. This might be due to frustration of the Cu-moment, i.e. some trimers in the AFM trimer chain have Cu-spins aligned ferromagnetically with Ni ones and vice versa for the FM-chains.
In conclusion, we have successfully synthesized and studied the crystal and magnetic structures of the novel mixed spin trimers Ca 3 Cu 3−x Ni x (PO 4 ) 4 (x=0,1,2) by means of neutron diffraction in the temperature range 1.5-290 K. Our work forms an important ground for the inelastic neutron scattering study of the dynamic magnetic properties of this system. in units 10 −4 and the bond valence sum BVS calculated from the experimental distances using FULLPROF [9] suite and the BVS parameters from [12] . C and V are the coordination of the polyhedra and the nominal cation valence, respectively. Fig. 7 . The numeration of the atoms is the same as in Table III . M is the size of the magnetic moment, φ and θ are spherical angles with c (azimuth) and b (zenith) axes, respectively. The graphical illustration of the spherical angles is given in Fig. 9 . The errorbars are given only for the independently refined parameters. The model A does not fit the data, but given for completeness. See the text for details. In the models B and
In the model C the spins of Ni and Cu are constrained to be (anti)parallel in the trimers. Table IV . The crystal axes and the spherical angles used in Table IV are also shown.
